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(57) ABSTRACT

A projector includes a light source unit that supplies light, and
a spatial light modulator that modulates light supplied from
the light source unit according to an image signal. The spatial
light modulator is driven by an applied voltage whose polarity
is reversed according to a polarity-reversing frequency which
is specific to the spatial light modulator. The light source unit
supplies light which is modulated according to pulse width
modulation for which fundamental frequency is set based on
the polarity-reversing frequency.
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1
PROJECTOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present document incorporates by reference the entire
contents of Japanese priority document JP-A-2006-187526
filed in Japan on Jul. 7, 2006.

BACKGROUND

1. Technical Field

The present invention relates to a projector, and more par-
ticularly to a technique concerning a projector which includes
a liquid crystal display as a spatial light modulator.

2. Related Art

Projectors display images by projecting light modulated
according to image signals. Conventionally, techniques have
been proposed for modulating the light before the light comes
into a spatial light modulator of the projector, for example, in
addition to modulating the light in the spatial light modulator
(see JP-A-2004-354717, for example). When the incoming
light to the spatial light modulator is modulated, the projector
can display the image in a wider dynamic range than a
dynamic range corresponding to the control of the spatial
light modulator.

As a spatial light modulator, a liquid crystal display can be
employed, for example. To prevent degradation of liquid
crystal material called “image persistence”, the polarity of an
applied voltage to the liquid crystal display is reversed and the
resulting alternate-current voltage with the reversed polarity
is applied to drive the liquid crystal display every predeter-
mined time period. When the polarity of the applied voltage is
reversed, in other words, when the applied voltage changes its
polarity from the positive to the negative, a displayed image
sometimes changes its brightness slightly. Even if there is a
slight change in the brightness, a viewer recognizes the image
in an average brightness as far as a light source unit is con-
stantly on, because in this case the image corresponding to the
positive polarity and the image corresponding to the negative
polarity are integrated without bias. On the other hand, when
the ON-OFF switching of the light source unit is controlled
based on Pulse Width Modulation (PWM), for example, the
image may be displayed for different time periods corre-
sponding to the positive polarity and to the negative polarity.
In this case, since the images of the negative polarity and the
positive polarity are not equally integrated, the change in
brightness becomes recognizable, causing problems such as
gradation shift and non-uniformity of display. Then, high-
quality image display is difficult to achieve. As can be seen,
techniques as described above have difficulties in displaying
high-quality images in a wide dynamic range.

SUMMARY

An advantage of some aspects of the invention is that a
projector can display high-quality images in a wide dynamic
range.

A projector according to an aspect of the invention includes
a light source unit that supplies light, and a spatial light
modulator that modulates light supplied from the light source
unit according to an image signal. The spatial light modulator
is driven by an applied voltage whose polarity is reversed
according to a polarity-reversing frequency which is specific
to the spatial light modulator. The light source unit supplies
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light which is modulated according to pulse width modula-
tion for which fundamental frequency is set based on the
polarity-reversing frequency.

It is preferable that at least one of (A) the fundamental
frequency is an even multiple of the polarity-reversing fre-
quency, and (B) a phase of the pulse width modulation is
reversed every polarity-reversing period according to the
polarity-reversing frequency, be satisfied.

Itis preferable that the phase of the pulse width modulation
be reversed every time one writing of the image signal is
performed for an entire screen.

It is preferable that the light source unit supply light
according to a smoothed signal which is obtained by smooth-
ing a pulse width modulation (PWM) signal.

It is preferable that there be plural light source units, and
that the light source units be controlled according to differ-
ence in outputs thereof.

It is preferable that the light source unit include a solid-
state light source.

It is preferable that the spatial light modulator include a
liquid crystal display.

The above and other objects, features, advantages and tech-
nical and industrial significance of this invention will be
better understood by reading the following detailed descrip-
tion of presently preferred embodiments of the invention,
when considered in connection with the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described with reference to the
accompanying drawings, wherein like numbers reference like
elements.

FIG. 1 is a schematic diagram of a structure of a projector
according to one embodiment of the invention.

FIG. 2 is a schematic diagram illustrating a manner of
driving a spatial light modulator.

FIG. 3 is a schematic diagram illustrating an ON/OFF
switching of an LED.

FIG. 4 is a schematic diagram illustrating non-uniformity
of display.

FIG. 5 is a schematic diagram of a case where one-image
writing period is %2 of a polarity-reversing period.

FIG. 6 is a schematic diagram of a relation between polar-
ity reversal and driving of LED in the embodiment of the
invention.

FIG. 71is a schematic diagram of ON-time corresponding to
positive polarity and ON-time corresponding to negative
polarity.

FIG. 8 is a schematic diagram of another example of fun-
damental frequency setting.

FIG. 9 is a schematic diagram of still another example of
fundamental frequency setting.

FIG. 10 is a schematic diagram of a comparative example
of the embodiment.

FIG. 11 is a block diagram of a structure of elements for
driving the projector.

FIG. 12 is a schematic diagram illustrating a response
characteristic of a liquid crystal.

FIG. 13 is a schematic diagram illustrating non-uniformity
of brightness attributable to the response characteristic of a
liquid crystal.

FIG. 14 is a schematic diagram illustrating non-uniformity
of brightness in a moving picture.

FIG. 15 is a schematic diagram of a control operation for
reducing the non-uniformity of brightness.
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FIG. 16 is a block diagram of a modification of the struc-
ture of elements for driving the projector.

FIG. 17 is a schematic diagram of a smoothed signal sup-
plied from an LPF.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Exemplary embodiments ofthe invention will be described
in detail below with reference to the accompanying drawings.

FIG. 1 is a schematic diagram of a projector 10 according
to one embodiment of the invention. The projector 10 is a
front projector which projects light on a screen 18 so that the
viewer can observe light reflected from the screen 18 as
images. A red-light (R-light) light emitting diode (LED) 11R
is a solid-state light source that serves as a light source unit
which supplies R-light. The R-light emitted from the R-light
LED 11R is turned into parallel light in a collimator lens 12
before entering into an R-light spatial light modulator 13R.
The R-light spatial light modulator 13R is a transmissive
liquid crystal display which modulates the R-light according
to image signals. The R-light spatial light modulator 13R
emits modulated R-light which enters a cross dichroic prism
14 which serves as a color composite optical system.

A green-light (G-light) LED 11G is a solid-state light
source that serves as a light source unit which supplies
G-light. The G-light emitted from the G-light LED 11G is
turned into parallel light in the collimator lens 12 before
entering into a G-light spatial light modulator 13G. The
G-light spatial light modulator 13G is a transmissive liquid
crystal display which modulates the G-light according to
image signals. The G-light spatial light modulator 13G emits
modulated G-light which enters the cross dichroic prism 14
from a different side from a side through which the R-light
enters.

A blue-light (B-light) LED 11B is a solid-state light source
that serves as a light source unit which supplies B-light. The
B-light emitted from the B-light LED 11B is turned into
parallel light in the collimator lens 12 before entering into a
B-light spatial light modulator 13B. The B-light spatial light
modulator 13B is a transmissive liquid crystal display which
modulates the B-light according to image signals. The B-light
spatial light modulator 13B emits modulated B-light which
enters the cross dichroic prism 14 from a different side from
the side through which the R-light or the G-light enters. The
projector 10 may include an equalizing optical system which
equalizes intensity distribution of a light flux. For example,
the projector 10 may include a rod integrator or a fly’s eye
lens.

The cross dichroic prism 14 includes two dichroic films 15
and 16 which are arranged so as to be substantially perpen-
dicular to each other. The first dichroic film 15 reflects the
R-light and transmits the G-light and the B-light. The second
dichroic film 16 reflects the B-light and transmits the R-light
and the G-light. The cross dichroic prism 14 combines the
R-light, G-light, and B-light coming in from different sides
and emits the resulting composite light in a direction of a
projection lens 17. The projection lens 17 receives and
projects the light combined by the cross dichroic prism 14
onto the screen 18.

FIG. 2 is a schematic diagram illustrating how the spatial
light modulators 13R, 13G, and 13B, which are liquid crystal
displays, are driven. When the liquid crystals are driven, if a
direct-current voltage of the same polarity is applied for an
extended period of time, image persistence, which is degra-
dation of liquid crystals, occurs. To prevent the image persis-
tence, the spatial light modulators 13R, 13G, and 13B are
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driven by alternate-current voltage. For example, assume that
the liquid crystal display has a specific frequency of 60 Hz for
reversing the polarity (hereinafter referred to as “polarity-
reversing frequency”). In this case, the spatial light modula-
tors 13R, 13G, and 13B are driven by an alternate-current
voltage with a polarity-reversing period T of s second.
Here, the polarity-reversing period T is a period according to
which the polarity of an applied voltage is reversed. If a time
period set for one-image writing is Yo second, i.e., the same
as the polarity-reversing period T, the polarity is reversed
during the one-image writing period. After a writing position
L1 of positive polarity passes a pixel, the positive potential is
retained in the pixel until the next writing position [.2 of
negative polarity comes to the pixel. After the writing position
L2 of negative polarity passes the pixel, the negative potential
is retained in the pixel until the next writing position L1 of
positive polarity reaches the pixel.

The brightness of the image may change slightly according
to the polarity of the applied voltage. However, when the
LEDs 11R, 11G, and 11B are constantly on, the image of the
positive polarity and the image of the negative polarity are
integrated within one-image writing period without bias.
Therefore, even if there is a slight difference in the brightness
according to the polarity of the applied voltage, the viewer
recognizes an image in the average brightness.

FIG. 3 is a schematic diagram illustrating ON/OFF switch-
ing of the LEDs 11R, 11G, and 11B based on PWM. The
LEDs 11R, 11G, and 11B are controlled based on PWM. The
PWM control allows for stable and easy control using a
digital circuit. The viewer recognizes an integration of images
displayed during the ON-time of the LEDs 11R, 11G, and
11B as an image. Therefore, if the brightness of the images
are adjusted based on the ON-time of the LEDs 11R, 11G, and
11B, the images can be displayed in a wider dynamic range
than the dynamic range corresponding to the control of the
spatial light modulators 13R, 13G, and 13B.

When the ON/OFF switching of the LEDs 11R, 11G, and
11B are performed based on PWM, a time the image is
displayed corresponding to the positive polarity sometimes
differs from a time the image is displayed corresponding to
the negative polarity. For example, assume that the LEDs
11R, 11G, and 11B are turned ON and OFF three times during
the polarity-reversing period T, as shown in FIG. 3. In this
case, if the images displayed during ON-time of the LEDs
11R, 11G, and 11B are integrated, brightness corresponding
to the positive polarity is dominant in some portions of the
resulting image, while brightness corresponding to the nega-
tive polarity is dominant in other portions, as shown in FIG. 4.
As aresult, three sets of a positive-polarity-dominant portion
and a negative-polarity-dominant portion are displayed, and
the viewer recognizes non-uniformity of display as three
belt-like portions.

FIG. 5 is a schematic diagram of a case where the one-
image writing period is set to %120 second which corresponds
to %2 of the polarity-reversing period T. In this case, the
polarity is reversed not during the one-image writing period.
Instead, the polarity is reversed every time the one-image
writing is finished. Similarly to the case shown in FIG. 3, the
LEDs 11R, 11G, and 11B are turned ON and OFF three times
during the polarity-reversing period T. When the images dis-
played in the ON-time of the LEDs 11R, 11G, and 11B are
integrated, the brightness of the entire resulting image is
biased to the brightness corresponding to the positive polar-
ity. In this case, dissimilar to the case shown in FIG. 4, there
is no non-uniformity in the displayed image. However, the
viewer can recognize the gradation shift. When the displayed
images has non-uniformity or gradation shift due to the man-
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ner of control of the LEDs 11R, 11G, and 11B, high-quality
image display cannot be achieved even if the image can be
displayed in a wide dynamic range.

The projector 10 according to the embodiment of the
invention sets a fundamental frequency of PWM based on the
polarity-reversing frequency so that a time period the LEDs
11R, 11G, and 11B are turned ON by the positive polarity is
equal to a time period the LEDs 11R, 11G, and 11B are turned
ON by the negative polarity. When the fundamental fre-
quency of PWM for the LEDs 11R, 11G, and 11B is repre-
sented as fp, the polarity-reversing frequency for the spatial
light modulators 13R, 13G, and 13B is represented as fr, and
an arbitrary positive integer is represented as n, at least one of
following expressions (1) and (2) is satisfied:

Jo=2xnxfr (1),

Jo=(n+1/2)xfr (2).

The expression (1) indicates that the fundamental fre-
quency fp of PWM is an even multiple of the polarity-revers-
ing frequency fr for the spatial light modulators 13R, 13G,
and 13B. The expression (2) indicates that the phase of PWM
is reversed every polarity-reversing period.

FIG. 6 is a schematic diagram illustrating a relation
between the reversing of the polarity and the driving of the
LEDs 11R, 11G, and 11B according to the embodiment of the
invention. Here, the polarity-reversing frequency fr is set to
60 Hz. In the case of FIG. 6, the fundamental frequency fp of
PWM whose period consists of one ON-period and one OFF-
period is set to 120 Hz. Therefore, the fundamental frequency
fp is twice the polarity-reversing frequency fr, whereby the
expression (1) is satisfied (n=1). In this case, the ON-time
corresponding to the positive polarity and the ON-time cor-
responding to the negative polarity are equal within the polar-
ity-reversing period T, as shown in FIG. 7. Since the persistent
images of both the image corresponding to the positive polar-
ity and the image corresponding to the negative polarity are
integrated without bias, the difference in brightness of the
images corresponding to the positive polarity and the negative
polarity can be offset with each other. The same effect as
obtained when n=1 can be obtained when n=2 in the above
expression (1). In FIG. 6, the ON-time and the OFF-time each
occupy a half (50%) of a fundamental period, i.e., 1/{p sec-
ond, of the PWM. However, the same effect as mentioned
above, i.e., offsetting of the brightness difference, can be
obtained when the ON-time and the OFF-time are determined
as appropriate so as to occupy other fractions of the period.

FIGS. 8 and 9 are schematic diagrams illustrating cases
where the fundamental frequency fp is set to a different value.
In the case shown in FIG. 8, the fundamental frequency fp is
90 Hz, whereby the expression (2) is satisfied (n=1). When
the phase of PWM changes from ON, OFF, to ON during one
polarity-reversing period T, in the next period T, the phase
changes from OFF, ON, to OFF. Further, in the subsequent
period T, the phase changes from ON, OFF, to ON, thereby
returning to the original phase. In this case, the length of the
ON-time corresponding to the positive polarity becomes
equal to the length of the ON-time corresponding to the
negative polarity within two polarity-reversing periods
(Tx2). Thus, since the images corresponding to the positive
polarity and the negative polarity are integrated as persistent
images without bias, the brightness difference between the
images corresponding to the positive polarity and the negative
polarity can be offset.

In the case of FIG. 9, the fundamental frequency fp is 150
Hz, whereby the expression (2) is satisfied (n=2). When the
phase of PWM changes from ON, OFF, ON, OFF, to ON in
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one polarity-reversing period T, in the next period T, the phase
changes from OFF, ON, OFF, ON, to OFF. Further in the next
period T, the phase of PWM returns to the original phases, i.e.,
ON, OFF, ON, OFF, to ON. In this case, the length of the
ON-time corresponding to the positive polarity becomes
equal to the length of the ON-time corresponding to the
negative polarity within two polarity-reversing periods
(Tx2). Therefore, the brightness difference in images corre-
sponding to the positive polarity and the negative polarity can
be offset with each other. Thus, the same effect as obtained
when n=1 or 2 can be obtained when n is equal to or larger
than 3 in the expression (2).

FIG. 10 is a schematic diagram of a comparative example
for the embodiment where neither the expression (1) nor the
expression (2) is satisfied. In the example shown in FIG. 10,
the fundamental frequency fp is set to 180 Hz. When fp=180
Hz, the expressions (1) and (2) are not satisfied. In order to
make the viewer recognize the image in the average bright-
ness obtained by integration of the image corresponding to
the positive polarity and the image corresponding to the nega-
tive polarity, it is desirable that the difference in brightness be
offset within approximately two polarity-reversing periods.
In the case shown in FIG. 10, the time the image is displayed
in the positive polarity exceeds the time the image is dis-
played in the negative polarity in two polarity-reversing peri-
ods (Tx2). Therefore, the viewer ends up recognizing the
image in brightness biased to the brightness corresponding to
the positive polarity.

As can be seen from the foregoing, the satisfaction of at
least one of the expressions (1) and (2) means offsetting of the
brightness difference of the images corresponding to the posi-
tive polarity and the negative polarity within at least two
polarity-reversing periods. Offsetting of the difference in
brightness of the images allows for display of high-quality
images where gradation shift and non-uniformity are
reduced. Thus, the high-quality images can be displayed with
a wide dynamic range. In consideration of the influence of
noises to the control signals, the integer n in the expressions
(1) and (2) is desirably a number equal to or larger than five.
For example, n can be approximately 100. Though FIGS. 6 to
9 illustrate the examples where the polarity is reversed within
the one-image writing period, the polarity may be reversed
every time the one-image writing is finished, rather than
within the one-image writing period.

FIG. 11 is a block diagram of elements for driving the
projector 10. An AD converter 20 converts an image signal,
which is supplied from external equipment and the like in an
analog form, into a digital signal. A DSP(1) 21 which is a
digital signal processing circuit extracts a brightness param-
eter from the image signal converted into a digital form for
controlling the brightness of the image. A DSP(2) 22 which is
a digital signal processing circuit converts the brightness
parameter extracted by the DSP(1) 21 into a duty cycle of
PWM. A Look Up Table (LUT) can be employed for the
conversion of the brightness parameter into the duty cycle.

The DSP(2) 22 also performs conversion of the duty cycle
according to a light-source control signal directly supplied to
the DSP(2) 22 from outside. The light-source control signal
directly supplied to the DSP(2) 22 is previously set according
to output difference of respective LEDs 11R, 11G, and 11B.
For example, if the ON-time of the R-light LED 11R is to be
adjusted to be 80% in maximum, the DSP(2) 22 performs an
operation to multiply the output of the LUT by 80%. When
the intensity of light supplied from each of the LEDs 11R,
11G, and 11B is adjusted, a preferable white balance can be
achieved. When plural LEDs are employed for each color of
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light, the light-source control signal can be employed to con-
trol the LEDs for the same color according to their difference
in output.

A PWM signal generating unit 26 generates a PWM signal
by modulating a pulse width based on the output from the
DSP(2) 22. Fundamental frequency of the PWM signal gen-
erated by the PWM signal generating unit 26 is determined
according to the polarity-reversing frequency. An LED driv-
ing unit 27 drives the LEDs 11R, 11G, and 11B according to
the PWM signal supplied from the PWM signal generating
unit 26. The LEDs 11R, 11G, and 11B supply the light modu-
lated according to the PWM signal. Thus, the LEDs 11R,
11G, and 11B are controlled based on the image signal and
the light-source control signal.

A DSP(3) 23 which is a digital signal processing circuit
expands the gradation range of image signals based on the
brightness parameter extracted by the DSP(1) 21. The expan-
sion of the gradation range allows for display of high-contrast
images which makes the best of the dynamic range of the
spatial light modulators 13R, 13G, and 13B. After the image
signal is subjected to the expansion processing in the DSP(3)
23, an DA converter 24 converts the expanded image signal
into an analog form. A spatial-light-modulation driving unit
25 drives the spatial light modulators 13R, 13G, and 13B
according to the image signal converted into an analog form.
The spatial light modulators 13R, 13G, and 13B modulate the
light emitted from the LEDs 11R, 11G, and 11B, respectively,
according to the image signal. The structure of the projector
10 is not limited to a structure which adjusts the light intensity
based on the brightness parameter of the image signal and the
light-source control signal. The projector 10 may be config-
ured so as to adjust the light intensity based on one of the
brightness parameter and the light-source control signal.

FIG. 12 is a graph of a response characteristic of liquid
crystals in the liquid crystal display. Specifically, FIG. 12
shows a relation between time t elapsed since the start of
voltage application and intensity 1 of light transmitted
through the liquid crystal layer. The liquid crystal completes
its orientational change in response to the applied voltage
when a predetermined time t1 elapses since the start of volt-
age application, and transmits the light of intensity I1 corre-
sponding to the applied voltage. Before the predetermined
time tl elapses from the start of voltage application, the
intensity [ of transmitted light is different from the intensity I1
corresponding to the applied voltage, since the liquid crystal
has not completed its change into an oriented state corre-
sponding to the applied voltage. Thus, the liquid crystal dis-
play needs a response time after receiving the signal until
giving a response.

FIG. 13 is a schematic diagram illustrating non-uniformity
of brightness attributable to the response characteristic of the
liquid crystal. For example, assume that the entire screen is
switched from black to white during one-image writing
period. The one-image writing period is a scanning period
during which one writing is performed on all scanning elec-
trodes. Writing position L3 for displaying white scans all
scanning electrodes sequentially during a scanning period S.
Since the sequential scanning of the writing position [.3 is
performed on the liquid crystal display all of whose pixels
display black, an area AR0 where the writing position .3 has
not passed remains in black. On the other hand, an area AR2
where the response time of the liquid crystal has passed since
the passage of the writing position [.3 is completely in white.
In an area AR1 where the response time of the liquid crystal
has not passed since the passage of the writing position L3,
the switching from black to white is not complete. Therefore,
in the area AR1, gradation appears in such a manner that the
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black color gradually changes to the white color according to
the distance from the writing position [.3.

When the entire screen is left in white after the switching
from black to white, the screen comes to a stable state dis-
playing white, whereby instantaneous cancellation of the gra-
dation is possible. Therefore, in the static image display, the
viewer hardly recognizes the non-uniformity of brightness
attributable to the response characteristic of the liquid crystal.
On the contrary, in moving picture display, where an image of
a different brightness from the brightness of background
moves in the screen, for example, the viewer sometimes
notices the non-uniformity of brightness caused by the
response characteristic of the liquid crystal. For example,
when a white image moves in a direction of arrow against the
black background as shown in FIG. 14, non-uniformity of
brightness sometimes becomes visible in an area around a
boundary M1 where black is being switched to white and an
area around a boundary M2 where white is being switched to
black.

When the LEDs 11R, 11G, and 11B are left ON constantly,
the display comes to a stable state displaying white or black
immediately after the passage of the boundaries M1 or M2.
Therefore, it is possible to make gradation difficult to recog-
nize. However, when the ON/OFF switching of the LEDs
11R, 11G, and 11B is performed by PWM, an area where the
response of the liquid crystals is not completed sometimes
appears as if highlighted, so as to make gradation easily
noticed. For example, when the boundary M1 passes a pixel,
the color is changed from black to white similarly to the case
shown in FIG. 13. If the PWM continues so that the phase is
OFF in the first half of the one-image writing period and ON
in the latter half, a similar gradation as shown in FIG. 13
comes to be highlighted.

Further, at a pixel where the boundary M2 passes, the color
is changed from white to black, contrarily to the case of FIG.
13. In this case, though the area where the response time of
liquid crystal has passed after the writing position passes
exhibits black, an area close to the writing position remains in
white. Therefore, if PWM continues so that the former halfis
OFF and the latter half'is ON in the one-image writing period,
gradation which is vertically reversed from the gradation
shown in FIG. 13 comes to be highlighted. The non-unifor-
mity of brightness appearing as gradation can disturb image
viewing.

FIG. 15 is a timing chart of a control operation for allevi-
ating the non-uniformity of brightness attributable to the
response characteristic of the liquid crystal. In the case shown
in FIG. 15, the fundamental frequency fp of PWM is 330 Hz,
which satisfies the expression (2) (n=5). The pulse width of
the PWM is determined based on a fundamental period P
(=Y430 second) as a maximum pulse width. The polarity-
reversing period T is V6o second. When a scanning frequency
for writing of all scanning electrodes is represented as fs, a
following expression (3) is satisfied:

So=(n+1/2)xfs 3).

The expression (3) indicates that the phase of the PWM is
reversed whenever the image signal writing corresponding to
one image is performed on the entire screen. In the example
shown in FIG. 15, the scanning period S for performing the
writing once for all the scanning electrodes is set to Yo
second, which is the same as the polarity-reversing period T.
The scanning frequency fs is 60 Hz, which is the same as the
polarity-reversing frequency fr, whereby the expression (3) is
satisfied (n=5).

When the phase of the PWM is reversed every scanning
period S, the image with the gradation and the image in white
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are integrated in an area near the boundary M1 shown in FIG.
14, for example. Though some blurring may occur due to
integration of the image with gradation and the image in
white, unnatural gradation obstructing a comfortable image
viewing can be reduced. Similarly, in an area around the
boundary M2, the image with gradation and the image in
black may be integrated so that the gradation becomes less
noticeable. Thus, the non-uniformity in brightness particu-
larly in the moving picture can be reduced.

When both the polarity-reversing frequency fr and the
scanning frequency fs are 60 Hz, the fundamental frequency
fp which satisfies the expressions (2) and (3) are: 90 Hz, 150
Hz, . .., and [(n+1/2)x60]Hz. When the polarity-reversing
frequency fr and the scanning frequency fs are set to the same
value, it is possible to determine the fundamental frequency
fp in such a manner that the non-uniformity of display caused
by reversing the polarity and non-uniformity of brightness
attributable to the response characteristic of liquid crystals
can be reduced simultaneously.

FIG. 16 is a block diagram of a modification of the struc-
ture for driving the projector 10. The modification is charac-
terized in that it includes a low-pass filter (LPF) 30. The LPF
30 generates a smoothed signal by smoothing a PWM signal
supplied from the PWM signal generating unit 26, and sup-
plies the smoothed signal to the LED driving unit 27. The
LEDs 11R, 11G, and 11B supply light corresponding to the
smoothed signal supplied from the LPF 30. The LPF 30 can
be implemented as an RC circuit or the like. The LPF 30 may
be embedded into the PWM signal generating unit 26 or the
LED driving unit 27.

FIG. 17 is a graph of a smoothed signal supplied from the
LPF 30. The LPF 30 smoothes the signal by cutting peak
portions, i.e., portions over a reference value, from the PWM
signal indicated by a dotted line and supplementing bottom
portions. If phase shift occurs in the PWM signal relative to
the clock, an influence of the phase shift becomes noticeable
as the difference in brightness between the image of positive
polarity and the image of negative polarity increases. The use
of the LPF 30 in the smoothing of the PWM signal realizes
precise correspondence between the driving of the spatial
light modulators 13R, 13G, and 13B, and the driving of the
LEDs 11R, 11G, and 11B, thereby enhancing the robustness
against the phase shift of the PWM signals.

The projector 10 is not limited to those employing the
transmissive liquid crystal display as the spatial light modu-
lator. The projector 10 may employ a reflective liquid crystal
display. The projector 10 is not limited to a front projector.
The projector 10 may be a rear projector which supplies light
to one surface of a screen so that the viewer views light
passing through the screen and emitted from the other surface
of'the screen as an image. Further, the invention is applicable
to a direct-vision display using a liquid crystal display.

According to the embodiments, the fundamental frequency
of PWM can be set based on the polarity-reversing frequency
in such a manner that a time the light source unit is turned on
by the positive polarity is equal to a time the light source unit
is turned on by the negative polarity. Since the image corre-
sponding to the positive polarity and the image corresponding
to the negative polarity are integrated as persistent images
without bias, the difference in brightness between the images
corresponding to the positive polarity and the negative polar-
ity can be offset. Offsetting of the difference in brightness of
the images allows for a display of high-quality images in
which the gradation shift and the non-uniformity of display
are reduced. Thus, a projector can display high-quality
images in a wide dynamic range.
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In the embodiments, the fundamental frequency is an even
multiple of the polarity-reversing frequency, or a phase of the
pulse width modulation is reversed every polarity-reversing
period according to the polarity-reversing frequency. Further,
the difference in brightness is offset within approximately
two polarity-reversing periods in order to make the viewer
recognize the image in average brightness obtained through
integration of the image corresponding to the positive polarity
and the image corresponding to the negative polarity. When
the fundamental frequency of PWM is an even multiple of the
polarity-reversing frequency, the difference in brightness can
be offset within one polarity-reversing period. When the
phase of PWM is reversed every polarity-reversing period,
the difference in brightness can be offset within two polarity-
reversing periods. Thus, the difference in brightness between
the images corresponding to the negative polarity and the
positive polarity can be offset.

Further, in the embodiments, the phase of the pulse width
modulation may be reversed every time the writing of the
image signal is performed once for the entire screen. The
liquid crystal display requires a certain response time after the
signal writing until the liquid crystal molecules are turned
into a state corresponding to the applied voltage. When the
light source unit is turned on or turned off during one-image
writing, the time elapsed since the signal writing may be
different for each liquid crystal molecule depending on the
time the light source unit is turned on and off, sometimes
resulting in non-uniformity of brightness in the displayed
image. When the phase of PWM is reversed every time the
one-image writing is finished, a portion where the response of
liquid crystals is not complete can be made less noticeable.
Thus, non-uniformity in brightness particularly in a moving
picture can be reduced.

Further, in the embodiments, the light source unit supplies
the light according to the smoothed signal which is obtained
by smoothing the pulse width modulation (PWM) signal.
Then, even if the phase shift occurs in the PWM signal,
influence thereof can be reduced and a precise display can be
achieved.

In the embodiments, there are plural light source units and
the light source units are controlled according to difference in
outputs thereof. Therefore, the control can be achieved cor-
responding to the difference in outputs of the light source
units. Further, when the adjustment is performed based on the
difference in outputs of the light source units corresponding
to each color, a preferable white balance can be achieved.

In the embodiments, the solid-state light source which can
be turned on and off at high speed is employed. Therefore, it
is possible to supply the light modulated by PWM correctly.

In the embodiments, the liquid crystal display is employed
as the spatial light modulator. When the spatial light modu-
lator is a liquid crystal display, the light modulation can be
performed in accordance with the image signals. The liquid
crystal display is driven by an applied voltage whose polarity
is reversed according to a predetermined polarity-reversing
frequency. Thus, in a structure including the liquid crystal
display, the gradation shift and the non-uniformity of display
attributable to the polarity-reversed driving can be reduced,
whereby a high-quality image can be displayed in a wide
dynamic range.

As can be seen from the foregoing, the projector according
to the invention is suitable for the use with a solid-state light
source and a liquid crystal display.

Although the invention has been described with respect to
a specific embodiment for a complete and clear disclosure,
the appended claims are not to be thus limited but are to be
construed as embodying all modifications and alternative
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constructions that may occur to one skilled in the art that
fairly fall within the basic teaching herein set forth.
What is claimed is:
1. A projector comprising:
alight source unit that supplies light;
aspatial light modulator that modulates light supplied from
the light source unit according to an image signal,
wherein:
the spatial light modulator includes a liquid crystal dis-
play that is driven by an applied voltage whose polar-
ity is reversed according to a polarity-reversing fre-
quency which is specific to the spatial light modulator,
a brightness of an image is different when a polarity of
the applied voltage is positive and when a polarity of
the applied voltage is negative, and
the light source unit supplies light which is modulated
according to pulse width modulation for which fun-
damental frequency is set based on the polarity-re-
versing frequency such that a difference in brightness
between images corresponding to the positive polar-
ity and the negative polarity is offset; and
a controller that controls the light source unit to supply
light that satisfies at least one condition that (A) the
fundamental frequency is an even multiple of the polar-
ity-reversing frequency, and (B) a phase of the pulse
width modulation is reversed every polarity-reversing
period according to the polarity-reversing frequency,

wherein when the controller controls the light source unit
to supply light that satisfies the condition that the phase
of'the pulse width modulation is reversed every polarity-
reversing period according to the polarity-reversing fre-
quency, the phase of the pulse width modulation is
reversed every time one writing of the image signal is
performed for an entire screen.

2. The projector according to claim 1, further comprising a
low-pass filter that smoothes a pulse width modulation signal
supplied to the light source unit, wherein

the light source unit supplies light according to a smoothed

signal which is obtained by smoothing the pulse width
modulation signal.

3. The projector according to claim 1, further comprising a
digital signal processing circuit that performs conversion of a
duty cycle of a pulse width modulation signal supplied to the
light source unit, wherein

there are plural light source units, and

the light source units are controlled by the digital signal

processing circuit according to difference in outputs of
the light source units.

4. The projector according to claim 1, wherein

the light source unit includes a solid-state light source.

5. The projector according to claim 1, wherein the image
signal is applied continuously to the spatial light modulator.

6. The projector according to claim 1, wherein a difference
in brightness between images corresponding to the positive
polarity and the negative polarity occurs due to turning on/off
the light during a period in which the image signal is applied
to the spatial light modulator.

7. A projector comprising:

a light source unit that supplies light;

aspatial light modulator that modulates light supplied from

the light source unit according to an image signal,

wherein:

the spatial light modulator includes a liquid crystal dis-
play that is driven by an applied voltage whose polar-
ity is reversed according to a polarity-reversing fre-
quency which is specific to the spatial light modulator,
a brightness of an image is different when a polarity of
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the applied voltage is positive and when a polarity of
the applied voltage is negative,

the light source unit supplies light which is modulated
according to pulse width modulation for which fun-
damental frequency is set based on the polarity-re-
versing frequency such that a difference in brightness
between images corresponding to the positive polar-
ity and the negative polarity is offset, and

the image signal is applied continuously to the spatial
light modulator; and
a controller that controls the light source unit to supply
light that satisfies a condition that a phase of the pulse
width modulation is reversed every polarity-reversing
period according to the polarity-reversing frequency, the
phase of the pulse width modulation is reversed every
time one writing of the image signal is performed for an
entire screen.
8. The projector according to claim 7, further comprising a
low-pass filter that smoothes a pulse width modulation signal
supplied to the light source unit, wherein
the light source unit supplies light according to a smoothed
signal which is obtained by smoothing the pulse width
modulation signal.
9. The projector according to claim 7, further comprising a
digital signal processing circuit that performs conversion of a
duty cycle of a pulse width modulation signal supplied to the
light source unit, wherein
there are plural light source units, and
the light source units are controlled by the digital signal
processing circuit according to difference in outputs of
the light source units.
10. The projector according to claim 7, wherein
the light source unit includes a solid-state light source.
11. A projector comprising:
alight source unit that supplies light;
a spatial light modulator that modulates light supplied from
the light source unit according to an image signal,
wherein:
the spatial light modulator includes a liquid crystal dis-
play that is driven by an applied voltage whose polar-
ity is reversed according to a polarity-reversing fre-
quency which is specific to the spatial light modulator,
a brightness of an image is different when a polarity of
the applied voltage is positive and when a polarity of
the applied voltage is negative,

the light source unit supplies light which is modulated
according to pulse width modulation for which fun-
damental frequency is set based on the polarity-re-
versing frequency such that a difference in brightness
between images corresponding to the positive polar-
ity and the negative polarity is offset, and

a difference in brightness between images correspond-
ing to the positive polarity and the negative polarity
occurs due to turning on/off the light during a period
in which the image signal is applied to the spatial light
modulator; and

a controller that controls the light source unit to supply
light that satisfies a condition that a phase of the pulse
width modulation is reversed every polarity-reversing
period according to the polarity-reversing frequency, the
phase of the pulse width modulation is reversed every
time one writing of the image signal is performed for an
entire screen.

12. The projector according to claim 11, further compris-

ing a low-pass filter that smoothes a pulse width modulation
signal supplied to the light source unit, wherein



US 9,305,500 B2
13

the light source unit supplies light according to a smoothed
signal which is obtained by smoothing the pulse width
modulation signal.

13. The projector according to claim 11, further compris-
ing a digital signal processing circuit that performs conver- 5
sion of a duty cycle of a pulse width modulation signal sup-
plied to the light source unit, wherein

there are plural light source units, and

the light source units are controlled by the digital signal

processing circuit according to difference in outputs of 10
the light source units.

14. The projector according to claim 11, wherein

the light source unit includes a solid-state light source.
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